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4BSTRACT x = radizl d:rection from lcngitudinal axas.
y = direction along longitudinal axis.

Finite element analyses {FEA] were used to v = DPoisson ratio.

determine the stress distributions in e o= . . i1 incipal i

ceramic. tensile specimen with two types of " T Daximun, tensile principal stress in

button-head gripping srstems. The FEA button head.

revealed stress raisers at both the button- oy¥= uniform principal stress in the gage

head and ths transition from the gage section section.

to the shank. However., the stress field
within the bulk of the gage section is uniform INTRODUCTION
and uniaxial. The stress ratio. k¢. between

the button-head and gage section stresses Sophisticated life prediction methiodologies
varied from 0.35 to 0.72 for the tapered proposed for use in advanced ceramic designs
collet or the straight collet systoms, (1.2) require as inputs, the mechanical
respectively. Previous empirical tests properties of ceramics as messured in uniform.
corfirm these results whereby. the tapered uniaxial stress fields. A popular eand
coller systam, compared to the straight collet efficient means for obtainipg uniform stress
system. sustained over twice the average load fields is through the use of unisxially-loaded
before failure at the button-head. teasile specimens (3). Various specimen types
and geometries have been provosed and
NOMENCLATURE successfully applied in tensile tasts ranging
from messurements of losd-displacemenr curves
D = maximum cross sectional diameter of (4.5) and monc opically- or cyclically-loaded
button head. strengths (5-11), to the determination of
E = elastic modulus. creep ([stress-ruprure] response at slevated
ke= stress ratio of maximum. tensile. temperatures (12-22).
principal stress in button head to the The commorly-used button-hesd tensile
uniform principal stress in the gage spacimen. analyzed in this study and shewn in
bh e g8 Figure 1, is a variation of a design which has
section [0y /o, ®]. b g
K, = strass concentration factor. een employed for several decades (3).
Advantages of the cylindrical. button-head
1 = total length of speciwvan. specimen include symmatrical loading. tendency
r = radfus of gage section. towvard uniform Josd-transfer to minimize
R = radius of button-head/shank transition. bending. relatively simple gripping systems.
larga rarios of volume to surface area. and
“Research sponsored b the U.S. DOE. Assistant uncomplicated fabrication of the specimen
Secretar for Conservation and Renewable (3.7-9.11-15). However. recent increases in
En::sy-f tfhf.ic(; ro.f.i'l;ran:!:::f:ionfSylzzﬂl- l; the uge of tensile tests for structural
a [ e ¢ or vance - ;
est Engines Program of the Adeznccd Materials c:ranic;. fou"lcd witn increasing ultimate
Development Program. under contract DE-ACOS- strangths in these materials. have revealed
840R21400 with Kartin Marietra Energy Systems. peculiarities in the locations and
LB, circumstances of failures in this type of
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fracture especially in the button-head areaj.
The objective of <this study was 0
aumerically determine the stress distribdutions
in a ceramic, button-head tensile specimen.
Tor verif.caticn. the numerical resultis were
compared to empirical tensile tests ccnduczed
in conjunction with hydraulic couplers in the
load train which reportedly hold percent
bending to —1.0 at specimen failure (8.22).

SYSTEMS FOR GRIPPING THE SPECIMEN

Numerous gripping systems for the button-
hesd specimen have been described in previous
studies (3.7-9.11-18). However. only two
types of grip arrangements. as shown in Figure
2. wvere examined in thisg study due to their
freqiency of use compared to other systems.
For each gripping system the overall specimen
geometries and cimensions [Figure 1] were
identical. differing only in the radius of the
% tton-head. R: nominally. 3.0 mm [shcwn] and
2.38 mm for the straight aund tapered collec
systems, respectively.

The particular straight collet systenm
examined in this study transfers the applied
load directly into the root radius of the
specimen button-head. Advantages of this
system are i) direct loading from the grip
into a ¢onsistent part of the specimen and ii)
the relatively small area at the specizen/grip
interface which reduces the area requiring
critical tolerances. Disadvantages are i) the
reliance on the button-head to carry the
complete applied load and ii) superposition of
the direct and/or frictional loading on the
inherent stress concentration of the button-
head radius.

The tapered collet system transfers the
applied load. =hrough friction enhanced by
lateral compression. primarily into the shank
of the specimen. The obvious advantage of
this system is that the button-hesd is not the
srimary load-bearing part of the specizen thus
the c¢riticalizy of machining damage or

flaws in the rootr rsdius
However., less obvious

inherent material
area is reduced.

STRAKAHIT COLLET

\
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Figure 2. Comparison of Tapered Collet and
Straight Collet Gripping Systems.

disadvantages are i) the necessity of
maintaining close dimensional tolerances over
the larger area of the shank. ii) the
possibility of collet jamming/mismatch leading
to eccentric lcading [and tending). and iii)
the variability of the coefficient of friction
at the specimen/collet interface which may
thange with surface preparation or testing
conditions.

FINITE ELEMENT ANALYSES

Rgcently. a number of numerical approaches
have been undertaken co understand the stress
state in the button-head region of the
specimen design illugtrated in Figure 1. Work
conducted in the present study will be
discussed followed by discussions of efforts
conducted at Garrert Auxiliary Power Division
[GAPD]) (25) and <the University of Dayton
Research Institute {[UDRI] (23).

2reg=pt Study

FFA techniques were applied to ascertain
the s-ress distraibutions in the specimen as
influeaced by the straight and tapered collet
grippirg systems. The objective of the study
was to investigate the interaction between the
collets «nd the speciman as well as to
idenvify key parameters such as friction st
the collet/specimen interfaces which might
influence the stress distributions ian the
button-head area. COSMOS/M. a commercial PC-
based finite element code (26) running in the
protected mode of the Intel 80386 processor.
wvas used in conjunction with the sophisticated
geometric modeler. GEOSTAR (26), to perform
the analysis of the specimen and the gripping
systems.

The axi-symmetric {y-sxis along the
longitudinal axis of the specimen]. quarter-
symmetry wnodels were composed of ~7500-9500
degrees-of-freedom [DOF]. Two dimensional.
four-noded plane elements. were used to modael
the structure of the specimen and collets.
Non-linear, frictional, "gap” elements (26)
were used to model the interfaces between the

fp.cim!n and ccllet at both the button-head
root radius and the sghank. Since these
particular "gap" elements did not contridute

-~




to the overall stiffness matrix of the
specimen/collet system: ultra-low stiffness.
two-dimensional truss elements were used to
provide remote. mathematical constraints to
the collet 1n the necessary directions.
Specimen dimensions were those as shown in
Figure 1 except for the .utton-head radius
which was changed to match the particular
gripping system as previously discussed.

For the specimen, material-symmetry
boundary conditions (BC) were applied along
the icngitudinal axis and at the "free"” end of
the gage section. These BC's were modeled as
rollers where free. nodal displacements were
allowed parallel to the surface but the nodal
displacements were constrained normal to the
surface. Similar BC's were applied to the
collet systems to simulate the constraints of
the gripping arrangement.

The linear-elastic material properties of
the specimen were those of ra isotropic
silicon nitride at room temperiture wicth an
elastic mogulus. E=310 GPa and a Poisson

ratio, v=0.27. The properties of the collets
were those cf steel in which E=200 GPa and

vu0.3. As noted. the truss elements were used
only for =athematical constraint. thus

E=1x10"6 GPa and v=0.3.

Due to the non-linear behaviour of the gap
elements., the element pressure loading on the
collets was applied in incremental steps
allowing structural equilibrium to be reached
at each step by an iterative process. The
size and number cf time steps. as well as the
refinement of the element mesh, vas determined
manually through a trial-and-error method of
examining the convergence of the model
displacements.

The two models., which include the specimen
and gripping systems. are shown in Figures 3
and 4. Figures 5 and 6 illustrate the
variation of the normalized maximum. tansile.

principal stresses [0)/6,,%®) as a function of

normalized. longitudinal distance ([y/(1/2)]
from the center of the specimen.

Figuie 3. Straight Collet FEA Model for

the Present Study.
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Tapered Collet FZA Model for the

Present Study.
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Figure 5. Normalized. Tensile, Principal

Stresses for a Straight Collet

System in the Present Study.
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Figure 6.

Two anomalies in the stress distributions
should be noted in Figures 5 and 6. The first
is that, for both gripping systems. the
uniform. uniaxisl stress state in the gage
section [0<y/(1/2)<0.212) is perturbed as the
gage section begins the transition into the
sarge radius leading to the shank. This
perturbation. illustrated in Ffigure 7. results
in a surface stress riser which is ~5% greater

v~ pm—
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Figure 7. Typical Normalized. Tensile,
Principal Stresses across the

Gage Section for Both Gripping
Systems in the Present Study.

than the urniaxial, gage section stress. Thus.
for a uniaxially-aligned testing system and a
defect-free caterial. the distriburion of the
locations of gage-section failures may tend to
skew towardés -ne surface of this transition.

The secornd stress anomsly is in the area
of the burton-head radius. In Figure 5 for
the straight collet system, the stress ratio.
ke [i.e. the ratio of the maximum. tensile.
principal s:iresses where ke=t)?"/011%%] between
the button head and the gage section is ~0.72
when a coefficient of fricrion, u=0.5, is used
fcr the collet/specimen interface. For u=0.0
(frictionless). k¢~0.69. indicating that
friction may not be as critical a contribution
to the stress state 2s the inherent stress
concentraticn of the geometry and the loading
condition of the straight collet system. In
Figure 6. fcr the tapered collet system. k¢
ranges frcm 0.59 to 0.97. if the collets
contact +he cuter edge of the button-head from
the start 25 the loading sequence, with or
without friction. respectively. ‘This
simulates the installation of the collets with
no regard to preloading the collet against the
specimen shank. If a preload is simuisted at
the collet/specimen interface. k¢*0.35 since
s greater jart of the load is transferred
directly into the shank.

The conclusions from this FEA study were:

a) the stress distribution in the gage
section is for the most part uniform and
uniaxial except for a small [~5%) stress riser
near the transition into the shank.

b) the stress concentration in the button-
head radius of the contacting straight collet
system may cause the stress in the button-head
region and the gage section of the material.

¢) the tapered <collet system can
significantly reduce the stresses in the
button-head region if a sufficient preload is
applied before testing to prevent movsment of
the collets in relation to the specimen.

3 4 - <4 <

The FEA modeling at GAPD (24) was used to
ascertain the parameters :influencing the
stress state in the button-head region so as
to accommodate a redesign c¢I <he gripping
system and the specimen outtcn-nead. A hybrid
approach was used in which a l1:near FEA
solution was first obtained <for <he
collet/specimen model. Where conzact stresses
were of ccncern, an analytically derived
soluticen ‘27) for the Hertzian-:ype contact
stresses Cetween Iwo cylinders was then
superposed on the FEA linear-elastic solutions
to obtain the solution for the final stress
state. A Control Data Corporaticn Cyber main-
frame computer was used in coniunction with
the commercial finite element code ANSYS (28).

Approximately 3.0 DOF were used in the
axi-symmetrric, quarter symmetrry model of the
gripping system and the specizen asg shown in

Figure 8. Two dimensional. Isoparametric
solid elements were used =o <form the
structure. Zssentially a paramerric study was

conducted to identify key cimensions or
loading configurations which would minimize
potrential button-head failures. Maintaining
the current 3.0 mm button-head radius and 6.35
mm diameter gage section. specific areas
investigated wvere:

a) The effect of coatsct stresses on the
button-head stress state for a straight-collet
system. (Figure 9].

b) Development of a relationship between
the stress ratio. ke (defined earliar). and
the button-head diameter [Figure 3].

¢) Determinstion of optimum shank
dismeters for various butrton-fead diameters
[Figure 10].

d} Determine the effects of dimensional
changes ior the button-head lengtrh. the shank
length, a double radius a: the butrton-head.

Figure 8.

Straight Collet FEA Model for the
GAPD study (24).

As shown in Figure 9. assumed contact
stresses in the currently-used. straight
collet system may csuse k., to approach 0.9 if
the present button-head ismeter is
maintained. However, for increasing button-
head diameters and/or the elimination of
contact stresses. ke can be decressed into the
rarge of 0.35 to 0.60.

For various button-head diameters.
“optimum® shank Jdiameters can be found as
chown in Figure 10. The present button-head
dismeter of 16 mm (0.63 in] sharply limits the
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Figure 9. Effects of Contact Stress and
Button-head Diameter on
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study (24).
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Figure 10. Optimum Shank Diameters for

Various Button-head Diameters:
in the GAPD study (24).

choice of the shank diamerer even for a
reiatively high k¢ [k¢=0.9]. while a button-
head diameter. D, of 25.4 mm [1.0 in] allows a
wider choice of shank diameters for an
acceptable ky [0.35 to 0.40].

For the range of specimen dimensions
examined. small effects on ky were found for
dimensional changes in the button-head length.
shank length. and a double radius a«t the
button-head. The conclusions of the GAPD
study can be summarized as follows:

a) Contact stresses combined with the
inherent stress concentration in the button-
head region may cause unacceptably large k¢
values.

b) The gripping system should be
redesigned to eliminate contact stresses in
the critical button-hesd region.

¢) Acceptably low kg values can be
achieved with a non-frictional gripping system
in combination with a button-head diameter of
~22.0 mm. a shank diameter of ~14.0 mm, and a
button-head radius of ~3.0 mm.

Concurrent FEA modeling at UDRI (25) was
aimed at determining the ky effects over a
range of loading situations in the buttor-hread
;egion. Various lcading scenarics. as shown
in Figure 11, were simulated using appropriaze
element pressures and a simple linear-elastic

podel of the button-head/shank portion of the
specirzen.
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Figure l1. Loading Scenarios assumed in the

UDRI study (25).

An axi-symmerric. quarter symmetry model
was used with approximately 12000 to 13000 DOF
as partially illustrated in Figure 12. Four
noded. bi-linear elements (29) were used in
the analysis which was ccnducted on the PC-
based commercial code. SUPERSAP (29). The
specimen material properties were thore of
silicon carbide (E=427 GPa. v=0.14) wich the
specimen dimensions as shown in Figure 1.

The tension case shown in Figure 11 was
used to represent the ideal case of a
unidirectional stress case and also served to
validate the mesh geometry through comparison
of the stress results with readily available
analytical solutions. The k¢ [as defined
earlier] for the tension case was ftound to be
0.44. The general stress concentration factor
at the button-head/shank transition as
determined from the FEA model [K¢=1.57]
compares well to <the anelytical case
[Ke=1.40] (30) when it is realized that the FEA
value is calculated from surface stresses and
not axis stresses as s the analytical value.




Figure 12. Straight Collet FEA Model in the

UDRI study (25).

The hydrostatic pressure case of Figure 1l
was intended o represent the case of perfect
contact between a strzight collet and <the

specimen. This situation may exist due to
plastic deforzation of some collet
configuration [such as annealed-copper.

straight collets (25) or BN powder (9.17)].
For this case, x=0.53. which is sufficiently
low to explain successful [no button-head
failures] tensile tests using "soft" collet
systems (9.17.19.25).

The ring loading and ‘'ideal-Instron' (23)
cases shown in Figure 11 were investigated to
determine the effects of various scenarios for
"hard” straight collets illustrated in Figure
2. The ring-lcading would occur if there was
a mismatch between tle button-head and the
collet radii. The k¢ in this case is ~0.75
for mismatches cf 1% to 10% (collet radius
less than the button-head radius). Tor the
ideal ‘'Instron' case, k¢=0.85 which is in <the
range of the Weibull strength of the material
as mentioned earlier. It should be noted that
the assumed loading for the UDRI ideal
‘Instron’ case did not agree with the loading
observed in the FEA of the present study where
the iateractions between the collet and the
specimen were actually modeled and
investigated. ‘evertheless. the ky values
for these idealized. linsar-elastic cases are
sufficiently high that one button-head
failures might be expected for even minor
Hertzian-type stresses in the contact areas.

The results of <he UDRI study can be
summavized as follows:

a) Hydrostatic loading provides "good"
stress behaviour iz the button-head region and
can be realistically approached in <the
laboratory.

b) Increased contact area between the
collet and the bu:zton-head can substantially
reduce putrton-head Jalilures.

¢) Alterrnative geometries should te
investigated t> reauce the criticality of <he
inherent stress ccncentraticn 3t the butvon-
head radius.

S =2 .
& Tioqge

The three studies described here ail

TOOK
different approaches yet the results are in
y

reasonable agreement. However. it is
interesting to note the directions of the
conclusions.

GAPD reccmmends <he eiizminition of direct
or frictional contact between the specimen and
collet and advices enlarging the specizen
dimension substantially to accommodate this
change. However. both UDRI and the present
study indicate the efficacy of direct, but
conformable contact between the collet and
button-head [deformable collets] or direct
frictional contact between the collet and
shank [tapered collets] which minimirze the
load-bearing role of the button-head.

Unfortunately., none of <the studies
addressed the equally important issue of the
gripping system which is the minimization of
bending strains. Iceally, the gripping system
Wwhich ultirmately eliminates non-gage section
fajlures must aliso help to minimize <the
bending stresses in the gage section.

PREVIOUS EXPERIMENTAL TESTING

A series of tensile tests (32,33) was
conducted on strain-gaged. 99% alumina.’’
button-head tensile specimens which did not
have gage sections [straight-shank specimens].
Tests using self-aligning. hydraulic., load-
train couplers (23) and the straight-zhank
specimens were primarily intended to determine
the maximum loads which various configurations
of the tapered and straight collet systenms
could sustain before specimen failure occurred
in the gripped section {i.e. button-head or
shank}. In addition, four. uniaxially-aligned
strain gages were applied to each specimen.
These gages were equi-spaced around tae
circumference at the mid-point of th: specimen
length such that the measurement of the
percent bending (4.31) could be rwmade
throughout the loading sequence in order to
determine the gripping system with the most
potential for minimizing bending. The use of
four strain gages provided the advantage of
symmetry from which the plane of bending could
be determined and cross-checks could be made
of the uniaxial alignment of gages. The
results of the experimental testing are
summarized in Figures 13 and l4 which show the
maximum load and percent bending at specimen
failure, respectively. The standsrd
configuration of the tapered collet system
sustained a higher average load at butto.-bead
failure while mainvaining a lower average
percent bending as compared to all the
configurations of the straight collet system.

"*AD-995. Coors Porcelain Company. Golden.
Colorado.
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Zowever, the average load at failure for
-he annealed-copper. straight collets did
approach that of the tapered collet system
although the average percent bending did not
show similar behaviour. It has been suggested
(25) that the plastic deformation of the
"soft" annealed copper produces a condition in
the button-head similar to that of a

hydrostatic pressure. Therefore. from the
previous discussion, the induced stres:
concentration for this straight collet

configuration would be expected to be similar
o that of the preloaded., tapered collet
system. The similarity of the =stress
concentrations is indicated by the similarity
5f the experimental test loads at failure as
éisplayed in Figure 13. However, the test
results also show [Figure 14 that while the
slastic' deformaticn allowed the straight
collet system to sustain higher loads in the
sutton-head by reducing <the stress
concentration, the deformation also may have
introduced eccentricities which increased the
rercent bending.

CCNCLUSIONS
To date. the following conclusions may be
made: 1) FEA modeling has shown a nearly

uniform., uniaxial stress field in the gage
section although stress concentrations exist
at the buttun-head and at the transition from
the gage section to the shank, 2) friction at
the collet/specimen interface may not be as
crit.cal as the inherent stress concentration
in the button-head area which may be an
unacceptable part of =the straight collet
gripping system. 3) good machining practices
and proper dimensional checks are essential
for successful and meaningful tensile test
results., 4) the tapered collet system is able
to sustain higher loads at lower percent
bending errors than most configurations of the
straight collet system.
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